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New York Downstate Medical Center, Brooklyn, New YorkABSTRACT Extracellular space (ECS) is a major channel transporting biologically active molecules and drugs in the brain.
Diffusion-mediated transport of these substances is hindered by the ECS structure but the microscopic basis of this hindrance
is not fully understood. One hypothesis proposes that the hindrance originates in large part from the presence of dead-space
(DS) microdomains that can transiently retain diffusing molecules. Because previous theoretical and modeling work reported
an initial period of anomalous diffusion in similar environments, we expected that brain regions densely populated by DS micro-
domains would exhibit anomalous extracellular diffusion. Specifically, we targeted granular layers (GL) of rat and turtle cerebella
that are populated with large and geometrically complex glomeruli. The integrative optical imaging (IOI) method was employed to
evaluate diffusion of fluorophore-labeled dextran (MW 3000) in GL, and the IOI data analysis was adapted to quantify the anom-
alous diffusion exponent dw from the IOI records. Diffusion was significantly anomalous in rat GL, where dw reached 4.8. In the
geometrically simpler turtle GL, dw was elevated but not robustly anomalous (dw ¼ 2.6). The experimental work was comple-
mented by numerical Monte Carlo simulations of anomalous ECS diffusion in several three-dimensional tissue models contain-
ing glomeruli-like structures. It demonstrated that both the duration of transiently anomalous diffusion and the anomalous
exponent depend on the size of model glomeruli and the degree of their wrapping. In conclusion, we have found anomalous
extracellular diffusion in the GL of rat cerebellum. This finding lends support to the DS microdomain hypothesis. Transiently
anomalous diffusion also has a profound effect on the spatiotemporal distribution of molecules released into the ECS, especially
at diffusion distances on the order of a few cell diameters, speeding up short-range diffusion-mediated signals in less permeable
structures.INTRODUCTIONA quantitative description of extracellular diffusion is
important whenever the transport of neurotransmitters, neu-
romodulators, and therapeutics in the brain extracellular
space (ECS) is considered. It has long been recognized
that diffusing molecules are hindered by ECS structure,
but it remains unclear which structural elements play the
key role in this process (1–3). The ECS can be visualized
as a system of interconnected narrow spaces interposed be-
tween brain cells and filled with ionic solution and macro-
molecules of the extracellular matrix. Molecules diffusing
in the ECS are hindered by the cells and their processes
but the shapes of such elements cannot all be simple and
convex because diffusional hindrance in such an environ-
ment would be far too low (4,5). A hypothesis based on
dwell-time diffusion theory (4,6) has proposed that the addi-
tional hindrance comes from microdomains containing
concave dead spaces (DS) that transiently entrap the
diffusing molecules and delay their ECS journeys (4,6).
An important side-effect of an environment containing a sig-
nificant number of DS elements is that the diffusion throughSubmitted September 30, 2014, and accepted for publication February 25,
2015.
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0006-3495/15/05/2384/12 $2.00it would become transiently anomalous (7,8). We have
sought experimental evidence for this anomalous diffusion
phase in brain ECS.
Anomalous diffusion can be described by a nonlinear
relationship between the mean-square displacement hr2i
and time t,

r2
 ¼ 2nDt 2dw ; (1)
where n is the dimensionality (1, 2, or 3), D is a constant,
and dw > 2.0 is the anomalous diffusion exponent (9,10).
When dw ¼ 2, diffusion reverts to its normal form with
diffusion coefficient D. The anomalous diffusion exponent
dw quantifies the extent to which the averaged random mo-
lecular wondering deviates from normal diffusion transport.
Experimental evidence for anomalous diffusion in brain
ECS would have two important implications. First, it would
directly support the DSmicrodomains hypothesis. Second, it
would impose a quantitative framework for the extracellular
transport of neurotransmitters, neuromodulators, and thera-
peutics in such brain regions, especially over distances com-
parable to one or a few cell diameters. The anomalous
diffusion phase would affect the spatiotemporal distributions
of molecules released into the ECS, e.g., in the perisynaptic
regions and within neurovascular units. Molecules wouldhttp://dx.doi.org/10.1016/j.bpj.2015.02.034
Anomalous Extracellular Diffusion 2385diffuse in three consecutive regimes. After a brief and rapid
free diffusion immediately after their release and before
any obstacles were encountered, an anomalous diffusion
phasewould gradually reduce the diffusion rate until the final
rate of hindered normal diffusion was reached. The subdiffu-
sion process would thus facilitate a transition that must take
place between the two normal diffusion regimes.
All brain regions containing DS microdomains in their
ECS would be expected to exhibit a transient period of
anomalous diffusion. However, the anomalous diffusion
phase would last longer and demand higher anomalous
exponent in brain regions where the DS microdomains are
larger, more complex, or more abundant. A combination
of such features would facilitate easier detection, which is
why a granular layer (GL) of the rat cerebellum was selected
for our experiments (Fig. 1). In rat cerebellum, the GL con-
tains numerous glomeruli, giant complex synapses rich in
extracellular matrix molecules and wrapped by thin astro-
cytic processes. The glomeruli are large ovoid structures
with a long axis between 10 and 20 mm (11,12). They are
evenly distributed within the GL and occupy approximately
one-third of the GL volume (12–14).Mf
Gr
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FIGURE 1 Schematic of the rat cerebellum granular layer. Granular
layer, the deepest of the cerebellar cortical layers, contains numerous
glomeruli wrapped by thin astrocytic processes. Glomeruli are giant com-
plex synapses where dendrites of granular cells receive both an excitatory
glutamatergic input via mossy fiber terminals, and an inhibitory
GABAergic input from local Golgi cells. Granular cells send information
via parallel fibers to the molecular layer for further processing. The axons
of Purkinje cells represent the main output from cerebellar cortex. (GL,
granular layer; ML, molecular layer; Gl, glomerulus; Mf, mossy fiber; Gr,
granular cell; Go, Golgi cell; Pf, parallel fiber; Pu, Purkinje cell.) To see
this figure in color, go online.We hypothesize that the glomeruli wrapped by astrocytic
processes form DS microdomains in the ECS of rat GL and
impose anomalous diffusion transport in their vicinity. To
test this hypothesis, we employed the integrative optical
imaging (IOI) method (15,16) to measure extracellular
diffusion of fluorophore-labeled dextran molecules (dex3;
MW 3000) in slices cut from rat cerebellum. Additional ex-
periments were performed in the GL of isolated turtle cere-
bella where glomeruli have a much simpler structure with
minimal glial coverage (14,17), and also in a control agarose
environment. The experimental work was complemented by
a set of numerical Monte Carlo simulations in several three-
dimensional models containing glomeruli-like geometrical
shapes in order to verify how DS geometry affects the dura-
tion and strength of the anomalous diffusion phase.MATERIALS AND METHODS
All experiments were performed at State University of New York Down-
state Medical Center in accordance with National Institutes of Health
guidelines (Bethesda, MD) and local Institutional Animal Care and Use
Committee regulations.Rat cerebellar slices
Rat cerebellar slices were prepared from adult Sprague-Dawley rats
(female, 150–250 g). The animals were anesthetized with sodium pentobar-
bital (50 mg/kg, intraperitoneal injection (i.p.)) and decapitated with a guil-
lotine. The brain was extracted from the skull and cooled with ice-cold
ACSF (artificial cerebrospinal fluid). Parasagittal slices of cerebellar vermis
400 mm thick were cut using a vibrating-blade microtome (VT 1200S; Le-
ica Instrument, Nussloch, Germany). The slices were submerged in ACSF
and incubated at room temperature. The composition of ACSF was: NaCl
124 mM, KCl 5 mM, NaHCO3 26 mM, NaH2PO4 1.25 mM, D-glucose
10 mM, MgCl2 1.3 mM, and CaCl2 1.5 mM. The ACSF was gassed with
a mixture of 95% O2 and 5% CO2 to buffer the pH at 7.4. Osmolality of
the ACSF, typically 295–305 mOsm/kg, was determined with a freezing
point-depression osmometer (Osmette A No. 5002; Precision Systems, Na-
tick, MA). After 1 h of recovery in an incubation chamber, a single slice was
transferred to a submersion recording chamber (Warner model No. RC-
27L; Harvard Apparatus, Holliston, MA) and superfused with the ACSF
at a flow rate of 2.0 mL/min. The temperature was maintained at 34 5
1C by a temperature controller (Warner model TC-344B; Harvard Appa-
ratus). Diffusion measurements were taken in the GL either 200 mm (for im-
aging with a 10 objective) or 100 mm (for imaging with a 40 objective)
below the surface of the slice.Isolated turtle cerebella
Isolated cerebella were prepared from adult North American pond turtles
(Pseudemys scripta elegans, 450–550 g) of either sex as described in
Rice et al. (18) and Xiao et al. (19). The animals were anesthetized with
ketamine (100 mg/kg, i.p.) and decapitated with a guillotine. The cranium
was opened and the brain was removed into ACSF containing: NaCl
103 mM, KCl 5 mM, NaHCO3 40 mM, D-glucose 20 mM, MgCl2
5 mM, and CaCl2 2 mM. The ACSF was gassed with a mixture of 95%
O2 and 5% CO2 to buffer the pH at 7.6. The osmolality of ACSF was typi-
cally 295–305 mOsm/kg. The cerebellum was dissected free from the brain
stem and the pia mater was removed from the dorsal surface with fine for-
ceps under a dissecting microscope. The turtle cerebellum is shaped like a
disk about 5 mm wide and 800 mm thick (20). Molecular and granularBiophysical Journal 108(9) 2384–2395
2386 Xiao et al.layers, each occupying approximately half of the thickness, lie above and
below the narrow Purkinje cell layer, respectively. The granular layer is
adjacent to the ventral surface. After 1 h of recovery in an incubation cham-
ber, the isolated cerebellum was transferred to a submersion recording
chamber (Warner model No. RC-27L; Harvard Apparatus) and placed
with its ventral surface up. Diffusion measurements were taken in the
GL, 100 mm below the ventral surface of the isolated cerebellum. The tem-
perature was 22–28C.Integrative optical imaging method
The experimental system for the IOI method and the related theory has been
described in detail in the literature (15,16,21). Briefly, a glass micropipette
pulled from a thin-wall glass tube (catalog No. 6170; A-M System, Carls-
borg, WA) was loaded with dextran (MW 3000) labeled with fluorophore
Texas Red (dex3, 1 mM in 150 mM NaCl; catalog No. D-3329, Life Tech-
nologies, Carlsbad, CA). The tip, 2–4 mm in diameter, was positioned in the
brain tissue or in a diluted agarose gel (0.3% in 150 mM NaCl, NuSieve
GTG Agarose; FMC BioProducts, Rockland, ME) using a robotic manipu-
lator (MP 285; Sutter Instruments, Novato, CA). The fluorescent molecules
were released by a brief pressure pulse (10–200 ms, 10–20 psi, PicoSpritzer
III; Parker Hannifin, Pine Brook, NJ) of compressed nitrogen gas. A typical
diameter of the injection was 20–40 mm. A time-series of two-dimensional
projections of the diffusion cloud was captured by a charge-coupled device
camera (QuantEM 512SC; Photometrics, Tucson, AZ) attached to a model
No. BX61WI compound microscope (Olympus America, Melville, NY)
equipped with water immersion objectives (UM PlanFl 10, NA 0.3 and
LUM PlanFl 40, NA 0.8; both, Olympus America). Image acquisition
and data analysis were performed using MATLAB (The MathWorks,
Natick, MA) programs (22).
Diffusion data acquired with the IOI method were processed as described
in Nicholson and Tao (15) and Xiao and Hrabetova´ (23). From each image
in a series, six intensity profiles intersecting at the image center, rotated 0,
30, 60, 90, 120, and 150 with respect to the horizontal axis, were
extracted. Fitting of Gaussian curves to the intensity profiles gave six
time-series of g2/4 values,
g2 ¼ 4Dðt  t0Þ; (2)
where D* is the effective diffusion coefficient, t is the time at which the im-
age is taken, and t0 is the time offset that compensates for a finite size of theinjection volume. The lower 10% of intensity values were excluded from
the fitting procedure. A linear regression was then applied to the time-series
of g2/4 to extract D (cm2 s1) in the agarose gel and D* (cm2 s1) in the
brain when appropriate. The minimum and maximum values of diffusion
coefficients were discarded, and the four remaining profile values were
averaged. Some diffusion records showed a significant nonlinearity of the
g2/4 time courses (see the Results), indicative of the anomalous diffusion.
These data were processed with a newly developed analysis described next.Quantifying anomalous diffusion from the IOI
experiments
When molecules released instantaneously from a point source into a macro-
scopically homogeneous and isotropic environment undergo anomalous
diffusion, their concentration C(r,t) can be written as
Cðr; tÞ ¼ Q
4pDt
2
dw
3
2
exp

 r
2
4Dt
2
dw

; (3)
where dw is the anomalous exponent, Q is the source strength, r is the dis-
tance from source, and D is a constant. This is a three-dimensional versionof one-dimensional distributions found, e.g., in Metzler and Klafter (9) or inBiophysical Journal 108(9) 2384–2395the Supplemental Material of Santamaria et al. (24). Although Eq. 3 is not
exact, it represents the simplest possible propagator that gives anomalous
subdiffusion.
Because Eq. 3 can formally be obtained from its normal diffusion equiv-
alent by replacing the diffusion coefficient D with a time-dependent
quantity Dtð2=dwÞ1, the standard IOI analysis requires a corresponding
modification of the parameter g2 (Eq. 2):
g2 ¼ 4Dðt  t0Þ
2
dw : (4)
The values of g2 can still be obtained by fitting the Gaussian curves to the
two-dimensional intensity profiles at every recorded time point as describedin the previous section. The time course g2 ¼ g2(t) is no longer a linear
function, but Eq. 4 can be rewritten as
log

g2
t  t0
	
¼

2
dw
 1

logðt  t0Þ þ logð4DÞ (5)
and the anomalous exponent dw extracted by linear regression. This was
done for each of the six radial intensity profiles. After discarding themaximum and minimum values of dw, the remaining four values were
averaged.
If the fluorescent marker was charged, the IOI method could alternatively
employ a constant current iontophoretic source active from time t ¼ 0 to T,
similarly to the real-time iontophoretic method (15,25). Equation 3 would
require a modification then, summing up the point source contributions
over its period of activity. For concentrations during the active source
period (t < T), we would obtain
Cðr; tÞ ¼
Z t
0
Q
4pDðt  t0Þ 2dw
3
2
exp
 
 r
2
4Dðt  t0Þ 2dw
!
dt0
¼ Q
ð4pDÞ32
dw
2
t1
3
dw Eidw1
2

r2
4Dt
2
dw

;
(6)
where a substitution x ¼ 1=ðt  t0 Þ 2dw proved useful. The function Eia(x) is a
generalized form of the exponential integral, defined asEiaðxÞ ¼
Z N
1
expðxtÞ
ta
dt:
For times t > T, the integration would be carried from 0 to T instead, re-
sulting inCðr; tÞ ¼ Q
ð4pDÞ32
dw
2
"
t1
3
dw Eidw1
2

r2
4Dt
2
dw

 ðt  TÞ1 3dw Eidw1
2
 
r2
4Dðt  TÞ 2dw
!#
:
(7)Numerical simulations with the software program
MCell
Diffusion was simulated with the MCell program, Ver. 3 (http://www.
mcell.org/) (26–28). Molecules (N ¼ 2000) were released from a point
source at the center of the simulation environment composed of cellular el-
ements surrounded by the ECS. The source was located at the juncture
where corners of eight neighboring elements meet. The free diffusion
coefficient was set to 22  107 cm2 s1, as observed experimentally for
dex3 at 34C (23). A time step of 0.2–0.4 ms was used in all simulations
Anomalous Extracellular Diffusion 2387to ensure that at least six steps were needed to span the ECS width in all
models. Diffusing molecules were elastically reflected upon reaching the
cell surface. All simulations were carried over a total period of 10 s,
recording the positions of all molecules every 2 ms. Computation times var-
ied from several hours to several weeks.
Twelve different geometrical models were constructed to test the factors
influencing anomalous diffusion in the ECS. The first two control models
were built from simple cube elements where all surrounding ECS was
well connected, without any dead spaces. The remaining models used cubes
wrapped to various degrees in additional shell-shaped elements with open-
ings into the well-connected ECS. These wrapped cubes are termed ‘‘par-
cels’’ here. The ECS inside the parcels (i.e., in gaps between the cubes
and their wrapping shells) formed dead spaces while the rest of the ECS be-
longed to well-connected space. We studied how the size of the parcel ele-
ments and the extent of their wrapping affected the diffusion transport.
Each geometrical model had an initial total volume of 120  120 
120 mm3 or 200  200  200 mm3 and was constructed by repeated repli-
cation of a single element (a cube or a parcel) with a side of either 3 or
6 mm, followed by translation and random rotation. The ECS volume frac-
tion was typically 20–22%. In the models containing parcels, this total ECS
volume fraction was split between the well-connected and the dead-end
spaces in a ratio of 5:6 to 5:10 (6). The parcel rotations were randomized
to vary the orientation of the entry windows.
Because the total simulation time was quite long in order to follow the
entire anomalous diffusion transient and firmly establish its descendant
normal diffusion regime, a significant number of molecules would reach
the outside boundary of the simulated environment. In order to prevent mo-
lecular escape from the ECS labyrinth and obtain an effectively larger envi-
ronment, a periodic boundary condition with reflections at the world
boundaries was employed. Because MCell does not directly support peri-
odic boundary conditions, we adapted the reaction boundary method of
Lacks (29) to three dimensions. Molecular species of the diffusing particle
encoded the replica of the environment in which it was located. In this way,
the original volume was periodically replicated 27 or 125 times, that is,
three or five times in every direction, and the simulation world in all cases
was effectively enlarged to 600  600  600 mm3, which no molecule left.
All simulation data sets were analyzed with an in-house-developed
program written in OCTAVE language (https://www.gnu.org/software/
octave/). Mean-square displacement hr2i was calculated from the absolute
positions of all molecules at each time point. It was assumed that the anom-
alous portion of the curve obeys Eq. 1, up to some diffusion regime switch-
over time Dt beyond which normal diffusion described by a linear
relationship 
r2
 ¼ 6Dt þ r20 (8)
ensues. We further required that the curve and its first derivative be contin-
uous at the switchover time Dt, which greatly improved numerical stabilityof the fitting and resulted in a smooth transition between the anomalous and
the normal regimes.
For each data set, four parameters found in Eqs. 1 and 8 (D, dw, D*, and
hr02i) were extracted by a fitting procedure used repeatedly for each
possible candidate switchover time selected from a wide preset interval.
The best-fitting combination for any given geometry and the MCell
random generator seed was then used in subsequent plotting and statistical
analysis.RESULTS
Diffusion of extracellular marker dex3 in dilute
agarose gel
Control experiments were performed in dilute agarose gel
on an imaging setup equipped with a 10 objective. Atypical record is shown in Fig. 2. A set of four images repre-
sentative of the entire time-series shows that dex3 molecules
spread quickly and symmetrically, as expected (Fig. 2 A).
Intensity profiles, such as those along the dashed line in
the first image, agreed well with the theoretical Gaussian
curves (Fig. 2 B) and the fitting procedure yielded a
value of g2/4 for each image. As expected for normal
diffusion, the g2/4 vs. t curve was linear, characterized
by a diffusion coefficient D of 22.8  107 cm2 s1 for
this record (Fig. 2 E). The average D was 21.2 5 0.11 
107 cm2 s1 (mean 5 SD, N ¼ 15) (Table 1).
The agarose diffusion records were also processed with
the anomalous diffusion analysis (Eq. 5), providing an esti-
mate of the anomalous exponent dw. For the representative
record in Fig. 2 A, dw was 2.05 (see Fig. 4 A). The average
dw was 2.055 0.08 (Table 1 and see Fig. 4 B), not departing
significantly from the theoretical value of 2.0 (t-test at p ¼
0.01) and consistent with normal diffusion transport of dex3
in a dilute agarose gel.Diffusion of dex3 in granular layer of rat
cerebellum
We then proceeded to measure diffusion of dex3 in the GL
of a rat cerebellum using the same imaging setup equipped
with a 10 objective. A typical record is shown in Fig. 2. A
set of four images representative of the entire time-series
demonstrates that dex3 molecules spread symmetrically
but at a slower rate than in the agarose gel (Fig. 2 C). Inten-
sity profiles were still Gaussian, yielding a value of g2/4
for each image (Fig. 2 D). In contrast to the agarose gel,
the g2/4 vs. t curve in the rat GL was no longer linear
(Fig. 2 E), suggesting an anomalous diffusion and preclud-
ing the standard analysis, which could extract a single value
of an effective diffusion coefficient D*. The anomalous
diffusion analysis estimated dw ¼ 5.17 for this record.
The rat GL is only ~200 mm wide. To limit the influence
of inhomogeneities that could affect diffusion transport
(30), we employed a 40 objective in the remaining ex-
periments. This approach improved spatial and temporal
resolutions and effectively eliminated the contribution
from molecules transiting to the adjacent layers. Fig. 3, A
and B, shows a set of six images and intensity profiles
selected from a time-series obtained with the 40
objective. Similarly to the data obtained at lower magnifi-
cation, the intensity profiles retained their Gaussian shapes
(Fig. 3 B) but a pronounced nonlinearity was observed in
g2/4 vs. t curves (Fig. 3 E), confirming the anomalous
behavior. The representative record is best characterized
by dw ¼ 5.24 (Fig. 4 A). An average dw was 4.82 5
0.89 (Table 1 and Fig. 4 B), which is incompatible with
normal diffusion (hypothesis dw ¼ 2.0 rejected by t-test,
p < 0.001) and significantly different from both the
agarose gel and the turtle GL (Kruskal-Wallis analysis of
variance (ANOVA), p < 0.001).Biophysical Journal 108(9) 2384–2395
t=0.0 s
10.9 s
35.1 s
24.3 s
A B C
In
te
n
si
ty
t [s]
r [μm]
-200 200
112.5
In
te
n
si
ty
t [s]
r [μm]
-200 200
112.5
t=0.0 s
37.5 s
112.5 s
75.0 s
0.00.0
Agarose gel Rat GL
γ2
/4
 (1
0-
6 c
m
2 )
0
50
100
150
t [s]
60 140100 18020
Agarose gel
Rat GLI
D
E
Agarose gel Rat GL
FIGURE 2 Diffusion of dex3 in agarose gel and
in rat GL. (A) Four images of diffusing marker
molecules selected from a typical time-series re-
corded in the agarose gel. The white scale bar is
200 mm in length and the pseudocolor bar (valid
also for C) represents fluorescence intensities.
(B) Intensity profiles (black) extracted along the
dashed line superimposed on the first image in
(A), together with the fitted Gaussian curves
(orange). (C) Four images of diffusing marker mol-
ecules selected from a typical time-series recorded
in the rat GL. Thewhite scale bar length is 200 mm.
(D) Intensity profiles (black) extracted along the
dashed line superimposed on the first image in
(C), together with the fitted Gaussian curves
(red). (E) The mean-square horizontal displace-
ment as a function of time for the agarose gel
(orange circles, experiment; black line, linear fit)
and for the rat GL (red circles, experiment). Note
the pronounced nonlinearity after dex3 release in
the rat GL.
TABLE 1 Summary of the experimental results
Preparation D* dw N
Agarose gel 21.25 1.1 2.055 0.08 15
Rat GL N/A 4.825 0.89a,b 50
Turtle GL 4.65 0.5 2.605 0.40b 26
Tabulated values are expressed as mean5 SD. All effective diffusion co-
efficients were corrected to 34C. D* is the effective diffusion coefficient
(107 cm2 s1), dw is the anomalous exponent, and N is the number of
measurements.
ap < 0.001, one-way ANOVA.
bp < 0.001, rejecting hypothesis dw ¼ 2.
2388 Xiao et al.Diffusion of dex3 in granular layer of turtle
cerebellum
Measurements of dex3 diffusion were taken in the GL of an
isolated turtle cerebellum and compared to those obtained in
the rat GL and agarose gel. Similarly to the rat cerebellum, a
significant volume of the turtle GL is occupied by glomeruli
(14). However, the astrocytic coverage of glomeruli is
minimal (14). Turtle cerebellum preparation can thus
serve to validate the hypothesis that substantial astrocytic
coverage is a key factor responsible for the diffusion anom-
aly in brain ECS.
A typical record from the turtle GL is presented in
Fig. 3 C. The g2/4 vs. t curve obtained from the turtle GL
is visibly different from the curve recorded in a rat GL
(Fig. 3 E). In turtle GL, the time dependence is much closer
to a linear function. Anomalous diffusion analysis of this re-
cord yielded dw of 2.57 (Fig. 4 A). The average dw was
slightly elevated, to 2.60 5 0.40 (Table 1 and Fig. 4 B).
Although this differed significantly from the normal value
of 2.0 (t-test, p < 0.001) when processed in isolation
from the other data sets, it was not significantly different
from the normal diffusion in agarose gel when all data
sets were taken into account (Dunn’s multiple comparisons
at p ¼ 0.05 after Kruskal-Wallis ANOVA). A standardBiophysical Journal 108(9) 2384–2395diffusion analysis estimated the effective diffusion coeffi-
cient D* of 3.33  107 cm2 s1 at 24.4C (4.23 
107 cm2 s1 after correction for 34C) for the record shown
in Fig. 3 C. The average D* was 4.615 0.5 107 cm2 s1
at 34C (Table 1 and Fig. 4 B).Numerical simulations of anomalous diffusion in
simple ECS models
The experiments revealed much higher anomalous exponent
in the rat GL than in the turtle GL. Because the glomeruli of
turtle GL have only minimal glial coverage compared to the
glomeruli of the rat GL, the geometry of glomeruli and their
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FIGURE 3 Diffusion of dex3 in the rat and turtle
GL at high magnification. (A) Six images of
diffusing marker molecules selected from a typical
time-series recorded in the rat GL. The white scale
bar is 50 mm long and the pseudocolor bar (valid
also for C) represents fluorescence intensities.
(B) Intensity profiles (black) extracted along the
dashed line superimposed on the first image in
(A), together with the fitted Gaussian curves
(red). (C) Six images of diffusing marker mole-
cules selected from a typical time-series recorded
in the turtle GL. The white scale bar is 50 mm
long. (D) Intensity profiles (black) extracted along
the dashed line superimposed on the first image in
(C), together with the fitted Gaussian curves
(green). (E) The mean-square horizontal displace-
ment as a function of time for the rat GL (red cir-
cles, experiment) and for the turtle GL (green
circles, experiment; black line, linear fit). Note
the more pronounced nonlinearity in rat GL.
Anomalous Extracellular Diffusion 2389astrocytic wrapping is possibly the key factor responsible
for the anomalous behavior. We carried out several Monte
Carlo simulations to test the plausibility of this hypothesis.
Numerical simulations were undertaken in 12 simple
three-dimensional models of brain tissue built from convex
elements and from parcels with shells wrapped around the
convex elements (Figs. 5, A and B, and 6 A). These models
were not meant to accurately duplicate the complex three-Rat GL
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titative agreement with our experimental findings. Instead,
they are the simplest possible models featuring anomalous
diffusion and realistic ECS volume fractions in which the
effects of obstacle size and degree of their wrapping could
independently be observed.
The diffusion in models built from parcels (wrapped ele-
ments) can approximately be characterized by three stagesRat GL Turtle GL
FIGURE 4 Quantification of anomalous diffu-
sion (see Eq. 5). (A) Representative logarithmic
plot of mean-square horizontal displacement as a
function of time for the agarose gel (10 objec-
tive), rat GL (40 objective), and turtle GL (40
objective). Lines obtained by linear fitting repre-
sent anomalous exponents 2.05 (agarose gel),
5.24 (rat GL), and 2.57 (turtle GL). (B) A summary
of all experiments obtained in the agarose gel, in
the rat GL and in the turtle GL. Normal diffusion
corresponds to anomalous exponent dw ¼ 2
(dashed line). Note the high dw in a rat GL but
also the slightly elevated dw in a turtle GL. The cor-
responding average values and other statistical re-
sults are summarized in Table 1. To see this
figure in color, go online.
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FIGURE 5 Numerical simulations of normal
and anomalous extracellular diffusion with MCell
program. (A) An example section of a three-
dimensional model composed of large parcels
(see B). (Left image) One shell was made trans-
parent to expose the eight cubes within. (Right
image) Most elements were removed to reveal
the diffusing extracellular particles (red dots).
(B) Cross sections of five different elements used
to build the simulation environments. Adjacent
elements touch at their boundaries (dotted lines).
(C) Free, anomalous, and hindered diffusion re-
gimes (see text for details). Without wrapping, no
anomaly is apparent (gray and yellow circles).
Smaller wrapped elements result in the same
anomalous exponent as larger elements but with
earlier onset and shorter duration of the anomaly
(blue versus red circles). Changing the dead-space
geometry affects both the timing and the anoma-
lous exponent (red versus green circles). (D)
Anomalous exponents dw and durations Dt ex-
tracted from the data displayed in (C). Color cod-
ing is the same as in (C).
2390 Xiao et al.(Figs. 5 C and 6 B). After a brief initial period of normal
diffusion (before the molecules encounter the environment
complexity), hr2i/t decreases during the transiently anoma-
lous phase to ultimately approach a lower steady value rep-
resenting slower normal diffusion. We examined the
duration and the anomalous exponent of the transiently
anomalous phase (Figs. 5 D and 6 C).
The effect of obstacle size was fairly straightforward. The
same normal diffusion was observed in models built from
convex elements of any size. In contrast, doubling the size
of wrapped elements lead to a much longer period of anom-
alous diffusion (0.157 5 0.055 s for smaller vs. 0.842 5
0.111 s for larger elements, N ¼ 5). Interestingly, there was
no appreciable effect on the anomalous exponent (2.64 5
0.10 vs. 2.565 0.03). The difference between the anomalous
exponents in the turtle and the rat GL therefore cannot easily
be explained by slightly different sizes of their glomeruli.
Manipulating the degree of element wrapping resulted in
a more complex effect. When a portion of the shell wasBiophysical Journal 108(9) 2384–2395removed on one side (termed open parcel in Fig. 5), the
anomalous exponent was insignificantly reduced, from
2.56 5 0.03 to 2.50 5 0.09 (Fig. 5 D). On the other
hand, duration of the anomalous phase contracted dramati-
cally, from 0.84 5 0.11 s to 0.18 5 0.04 s (Fig. 5 D).
A complete shell removal restored normal diffusion (dw of
~2.0) with no detectable anomalous phase.
We next examined the influence of subdividing the dead
space into multiple compartments. A model was built
(Fig. 6 A) that again consisted of an inner cube and a larger
shell around it, but with walls suspended between the corre-
sponding edges of these two elements and with two
additional walls suspended diagonally between the corre-
sponding faces. Triangular openings were made in the shell,
one next to each edge. While the inner cubical cell and the
shell were always impenetrable to molecules, the individual
openings and walls suspended between them could be
removed or erected as necessary. In this way, we created
seven different geometries. They all had the same total
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FIGURE 6 Numerical simulations of the dead-space compartmentaliza-
tion. (A) A single parcel element with dead space between the inner cube
and its surrounding shell. Deleting subsets of the dividing walls suspended
between the cube and the shell provided seven different compartmentaliza-
tions with 1, 2, 3, 4, 6, 8, and 12 subcompartments (pockets), each with a
single entrance (see text for details). As an example, one pocket of the
12-pocket arrangement is outlined (dashed line) along with its entry (dotted
line). (B) Free, anomalous, and hindered diffusion regimes. Example data
sets obtained in geometries containing 1, 6, and 12 pockets are shown.
(C) Anomalous exponents dw and durations Dt extracted from simulated
diffusion in all seven geometries. The anomalous diffusion phase becomes
progressively shorter when the total dead space is divided into more com-
partments but the anomalous exponent is largely unaffected.
Anomalous Extracellular Diffusion 2391dead-space volume but this volume was uniformly subdi-
vided into 1, 2, 3, 4, 6, 8, or 12 compartments (pockets).
Each pocket had a single entrance. For example, the dashed
line in Fig. 6 A delineates one of 12 equal pockets, along
with its entrance from the well-connected space outside of
the shell.
Because all seven models above have the same total dead-
space volume, their effective normal diffusion coefficients
were almost identical. Interestingly, the anomalous expo-
nents also did not differ significantly from each other
(ANOVA, N ¼ 12 at p ¼ 0.05). The difference was pro-
nounced only in the duration of the anomalous phase
(ANOVA, N ¼ 12, p < 0.001). As expected, distributing
the dead space into a larger number of smaller compart-
ments shortened the anomalous phase (Fig. 6 C).
It is also useful to compare the large parcels model with a
small opening from Fig. 5 to the single compartment and
single opening model from Fig. 6. They are very similar
except for an intentional difference in the DS volume(54.5 vs. 66.7% of the ECS volume). This resulted not
only in significantly lower normal diffusion permeability
(6.88 5 0.12 vs. 5.03 5 0.13  107 cm2 s1, N1 ¼ 5,
N2 ¼ 12, p ¼ 0.001) but also in a significantly higher anom-
alous exponent (2.565 0.03 vs. 2.995 0.13, N1 ¼ 5, N2 ¼
12, p < 0.001). In contrast, the durations of anomalous
phase were similar (p ¼ 0.05).
A more pronounced glial wrapping in the rat GL thus
offers a plausible explanation of the higher anomalous expo-
nent observed experimentally. A significantly shorter anom-
alous phase and a reduced anomalous exponent may be
expected in the turtle GL.DISCUSSION
We have found robustly anomalous extracellular diffusion in
the GL of rat cerebellum but not in turtle cerebellum. To our
knowledge, this is the first report of an anomalous diffusion
in the ECS of healthy brain tissue. We argue for an explana-
tion based on known neuroanatomical differences between
the cerebella of these species. While their glomeruli are of
similar sizes, the rat GL features a much more abundant
astrocytic coverage. Such astrocytic wrappings can facilitate
the DS microdomain role of the rat glomeruli, supplying the
required concavity. Numerical simulations in simple three-
dimensional models of glomerular microdomains support
this interpretation. Our findings have implications for both
the intercellular communication and the drug delivery in
these brain regions because a substance released into the
ECS under anomalous diffusion regime creates a local
spatial-temporal pattern that is quite different from the
normal diffusion pattern.
Molecules released from a point source into the ECS
appear to undergo diffusion in three consecutive regimes.
After their release, they very briefly diffuse at a rate given
by the free diffusion coefficient Dfree, possibly modified
by local viscosity. At the other end of the timescale, the
normal diffusion regime is again established but with a
lower effective diffusion coefficient D*, as documented
by the wealth of ECS measurements in many different
brain structures (3). The data presented here suggest that
the transition which must take place between these two
normal diffusion regimes can be described by an anomalous
diffusion process that brings the diffusivity from Dfree
down to D*.
We have previously shown that normal diffusion perme-
ability is inversely proportional to the amount of ECS con-
tained in the dead-space compartment (4). The simulations
presented here suggest that larger dead-space volume results
in higher anomalous exponent but not necessarily different
duration of the anomalous phase. On the other hand,
different compartmentalizations of the same dead-space
volume did not alter the anomalous exponent but changed
the anomalous phase duration. We can therefore expect
that the anomalous exponent is dominated by the normalBiophysical Journal 108(9) 2384–2395
2392 Xiao et al.diffusion permeability while the anomalous phase duration
is more influenced by the dead-space compartmentalization.
From another point of view, the anomalous behavior is
likely related to the requirement that macroscopically
normal diffusion regime avoids large concentration tran-
sients within an averaging volume (Eq. 7 in Hrabe et al.
(4)). More complex DS geometry would therefore be ex-
pected to undergo a more pronounced or longer anomalous
phase, necessary to establish this condition after the mole-
cules are released. This qualitative explanation is consistent
with our experimental and simulation data.
Others (24,29,31,32) obtained similar dependency of the
duration of anomalous diffusion on the size of trapping
geometrical elements in different models. Although various
mechanisms have been proposed to cause anomalous diffu-
sion (10,31–33), theoretical work and modeling of the
diffusion transport demonstrated that media containing
particle traps were associated with a transient period of
anomalous diffusion (7,8). Binding sites could also be
responsible for anomalous behavior but they are unlikely
to contribute in the experiments described here because a
biologically inert marker molecule was employed. It is
therefore likely that the traps formed by encapsulated
glomeruli cause the anomalous diffusion found in the rat
GL. Because the anomalous parameters depend on the
degree of astrocytic wrapping, the anomalous diffusion
analysis could potentially be useful for evaluating the extent
of such wrapping in a living brain under physiological and
pathological conditions.
Anomalous diffusion is a well-known phenomenon in
cell biology, and has been observed in connection with
membrane transport, macromolecular crowding in cyto-
plasm, protein binding, and dendritic spine functions
(7,24,32,34,35). If a transition of the ECS diffusivity from
Dfree to D* is achieved by anomalous diffusion, this phe-
nomenon should exist whenever molecules are released
into the brain ECS. It was not previously reported but that
is not too surprising because diffusion in the ECS is typi-
cally measured over relatively large distances, on the order
of 100 mm or more, with correspondingly long diffusion
times. In this study, we selected brain structures populated
with unusually complex and large elements and we reduced
the diffusion distances and times as much as the experi-
mental setup allowed. Even then, a pronounced anomalous
diffusion phase was only detected in rat GL and not in turtle
GL, where an EM study reported less astrocytic coverage of
glomeruli (14). Convex neuronal elements ensheathed in
concave astrocytic processes are common in many other
brain structures but they are often only a few micrometers
in diameter, e.g., the processes on synapses. Lacking a truly
realistic geometrical model of the extracellular space, we
can only predict that the anomalous phase will be present
but likely limited to very short times and distances (on the
order of 10 mm, or several diameters of a typical structural
element).Biophysical Journal 108(9) 2384–2395Ideally, an experiment would fully capture all three stages
of the diffusion transport discussed above. Unfortunately, as
of this writing, this is not possible due to the conflicting re-
quirements it imposes. The intercellular gaps are quite nar-
row, mere tens of nanometers (19,36), making the Dfree
stage extremely short and demanding the smallest possible
field of view, as well as the smallest possible source injec-
tion. Capturing the anomalous phase imposes less extreme
but similar requirements, and represented the focus of our
experiments. On the other hand, recording the normal diffu-
sion governed by D* demands a larger field of view and
longer diffusion time. Unfortunately, the rat GL is quite
narrow (~200 mm), limiting the maximum diffusion time
below which the marker molecules remain unaffected by
tissue inhomogeneities (30,37).
Related to this complication is the difficulty of our
models to fully match the observed anomalous exponent
and timing in the rat GL because this would require knowl-
edge of the normal diffusion permeability for dex3 there.
The rat GL permeability for dex3 is likely to be significantly
smaller than in our models, and the astrocytic wrappings
likely create pockets that are larger, more variable, and
probably much more complex. There may also be a viscos-
ity factor for dex3, larger than for small molecules. These
factors would lead to a higher anomalous exponent and a
longer anomalous phase. Although the models provided a
useful tool to test various ideas and possible explanations,
they are only semirealistic approximations of the rat GL
architecture.
The diffusion anomaly is closely related to the DS hy-
pothesis. Theoretical work and numerical modeling showed
that an ECS environment around convex cells cannot
achieve the diffusional hindrance observed experimentally
in the brain (4,5). At least two explanations for the high
ECS hindrance exist. First, extracellular matrix molecules
present in the ECS could increase viscosity of the extracel-
lular fluid and reduce the effective diffusion coefficient (38).
While this is an intriguing possibility, the amount of extra-
cellular matrix molecules necessary to achieve such large
diffusivity reduction has not yet been theoretically pre-
dicted, and the concentration of ECS matrix in the brain is
also unknown. If the ECS viscosity was primarily respon-
sible, it would decrease Dfree and, without dead spaces
and other concavities, the effective diffusivity D* would
reach at least 2/3 of Dfree (4). The D* regime would there-
fore be established almost immediately and effectively elim-
inate the anomalous transition period, as seen in the
simulations with convex elements. Second, another possibil-
ity is that a more complex ECS geometry exists where the
diffusing molecules can become temporarily trapped and
delayed in the DS concavities. This would require over-
coming a much larger step from Dfree to D* and thus give
the anomalous diffusion a bigger role to play.
So far, experimental evidence for the dead-space hypoth-
esis has come mainly from the brain under pathological
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FIGURE 7 An effect of anomalous diffusion on diffusion-mediated sig-
nals. Over a short diffusion distance of 20 mm, more complex geometry
leads paradoxically to faster signaling. (A) Parameters obtained from exper-
iments in the rat and turtle GL (Turtle, D* ¼ 46; Rat, D* ¼ 10, anomalous
D ¼ 253, dw ¼ 4.82; distance unit 1 mm; time unit 1 s) were used to calcu-
late the concentration time courses. The ECS concentration wave arrives
faster and lasts for a shorter duration in the geometrically more complex
rat GL. (B) If strictly normal diffusion was assumed in both structures,
the geometrically more complex rat GL would have lower D* and therefore
experience slower diffusion, reversing the timing shown in (A). The esti-
mate of D* in the rat GL is necessarily inaccurate but that does not alter
the order of concentration peaks. To see this figure in color, go online.
Anomalous Extracellular Diffusion 2393stress, e.g., the dead-end pores can be formed during
ischemia or hypotonic cell swelling (6,39). It has been pro-
posed (2) that a healthy brain may also contain dead-space
microdomains slowing down diffusion, and that these
microdomains would contain concave elements such as
the astrocytic processes ensheathing synapses and other
parts of neurons (40). This study provides further experi-
mental support for the DS hypothesis in a healthy brain
structure.
It is interesting to examine possible physiological conse-
quences of the anomalous diffusion that necessarily alters
the spatial-temporal pattern of a diffusing molecular cloud.
Based on the parameters obtained experimentally in the rat
and turtle GL, we carried out a simple numerical simulation
of the anomalous diffusion effect using Eq. 3. Fig. 7 shows
the time courses of molecular concentration in the ECS
close to the release site. At a distance of 20 mm, the concen-
tration wave due to anomalous diffusion rises much faster
and is sustained for shorter time in the more complex rat
GL structure (Fig. 7 A). Over such short distances, faster
arrival of the concentration wave would presumably result
in faster signaling mediated by the diffusion transport.
This could be important in neurovascular units or in perisy-
naptic regions where transmitter spillover or ectopic release
occur. If the anomaly was ignored when making such pre-
dictions (Fig. 7 B), the signal timing would become reversed
and the concentration wave would erroneously be expected
to arrive later in a more complex environment. It remains to
be seen how significant this effect is in other brain struc-
tures, and to determine the relevant ranges of the diffusion
distances and times.
Anomalous subdiffusion may also be consequential spe-
cifically for cerebellar function. Granular layer (Fig. 1) is
the deepest of the three cerebellar cortical layers, receiving
input from multiple extracerebellar regions involved in
motor and vestibular functions, most notably from cerebral
cortex, spinal cord, and vestibular nuclei. These brain re-
gions send information via mossy fibers terminating on
dendrites of granular cells inside the glomeruli. Granular
cells in turn send information to the molecular layer for
further processing. Glomeruli function as relays where den-
drites of granular cells receive both an excitatory glutama-
tergic input via mossy fiber terminals, and an inhibitory
GABAergic input from local Golgi cells. The tonic inhibi-
tion optimizes information transfer from mossy fibers to
granular cells (41,42), increasing the signal/noise by sup-
pressing the spontaneous granule cell firing more than the
sensory-evoked responses (43). The GL glomeruli thus pro-
vide a sophisticated regulatory entry point for sensory infor-
mation intended for cerebellar cortex processing.
Tonic inhibition relies on establishing an appropriate con-
centration of GABA in the ECS of the glomerulus (44,45).
Anomalous diffusion may play an important role in this pro-
cess by preferentially speeding up short-distance signaling
over slow long-distance diffusion. This mechanism couldact as a filter with distance-dependent cutoff frequency,
allowing for a stable ambient concentration with fast local
signaling. Therefore, anomalous diffusion may contribute
to the tonic inhibition mechanism. Although intriguing,
these considerations are speculative at this point. A detailed
look at the ECS diffusion inside a typical glomerulus would
be required.ACKNOWLEDGMENTS
The authors are grateful to Charles Nicholson, David Lewis, and Ang
Sherpa for critical reading of the article. They thank Markus Dittrich forBiophysical Journal 108(9) 2384–2395
2394 Xiao et al.his valuable expert help with MCell intricacies and Larry Eberle for keep-
ing the SUNY Downstate computer cluster almost always alive.
This work was supported by a Postdoctoral Supplement award from the
College of Medicine’s Research Investment Initiative program, State Uni-
versity of New York Downstate Medical Center (to F.X.), and grants R56
NS047557 and R01 NS047557 (to S.H.) from the National Institutes of
Health’s National Institute of Neurological Disorders and Stroke. The soft-
ware for acquisition of diffusion data (DEVIDA) used in this study was
developed by Charles Nicholson and Lian Tao at New York University
School of Medicine and supported by grant No. R01 NS028642 to Charles
Nicholson from the National Institutes of Health’s National Institute of
Neurological Disorders and Stroke. MCell development at the National
Center for Multiscale Modeling of Biological Systems is supported by grant
No. P41GM103712 from the National Institutes of Health’s National Insti-
tute of General Medical Sciences.REFERENCES
1. Nicholson, C. 2001. Diffusion and related transport mechanisms in
brain tissue. Rep. Prog. Phys. 64:815–884.
2. Hrabetova, S., and C. Nicholson. 2004. Contribution of dead-space
microdomains to tortuosity of brain extracellular space. Neurochem.
Int. 45:467–477.
3. Sykova´, E., and C. Nicholson. 2008. Diffusion in brain extracellular
space. Physiol. Rev. 88:1277–1340.
4. Hrabe, J., S. Hrabetova, and K. Segeth. 2004. A model of effective
diffusion and tortuosity in the extracellular space of the brain.
Biophys. J. 87:1606–1617.
5. Tao, L., and C. Nicholson. 2004. Maximum geometrical hindrance to
diffusion in brain extracellular space surrounding uniformly spaced
convex cells. J. Theor. Biol. 229:59–68.
6. Hrabetova, S., J. Hrabe, and C. Nicholson. 2003. Dead-space microdo-
mains hinder extracellular diffusion in rat neocortex during ischemia.
J. Neurosci. 23:8351–8359.
7. Saxton, M. J., and K. Jacobson. 1997. Single-particle tracking: applica-
tions to membrane dynamics. Annu. Rev. Biophys. Biomol. Struct.
26:373–399.
8. Saxton, M. J. 2007. A biological interpretation of transient anomalous
subdiffusion. I. Qualitative model. Biophys. J. 92:1178–1191.
9. Metzler, R., and J. Klafter. 2004. The restaurant at the end of the
random walk: recent developments in the description of anomalous
transport by fractional dynamics. J. Phys. Math. Gen. 37:R161–
R208.
10. Saxton, M. J. 1994. Anomalous diffusion due to obstacles: a Monte
Carlo study. Biophys. J. 66:394–401.
11. Eccles, J. C., K. Sasaki, and P. Strata. 1967. Interpretation of the poten-
tial fields generated in the cerebellar cortex by a mossy fiber volley.
Exp. Brain Res. 3:58–80.
12. Jakab, R. L., and J. Ha´mori. 1988. Quantitative morphology and synap-
tology of cerebellar glomeruli in the rat. Anat. Embryol. (Berl.).
179:81–88.
13. Altman, J. 1972. Postnatal development of the cerebellar cortex in the
rat. 3. Maturation of the components of the granular layer. J. Comp.
Neurol. 145:465–513.
14. Mugnaini, E., R. L. Atluri, and J. C. Houk. 1974. Fine structure of gran-
ular layer in turtle cerebellum with emphasis on large glomeruli.
J. Neurophysiol. 37:1–29.
15. Nicholson, C., and L. Tao. 1993. Hindered diffusion of high molecular
weight compounds in brain extracellular microenvironment measured
with integrative optical imaging. Biophys. J. 65:2277–2290.
16. Tao, L., and C. Nicholson. 1995. The three-dimensional point spread
functions of a microscope objective in image and object space.
J. Microsc. 178:267–271.Biophysical Journal 108(9) 2384–239517. Walsh, J. V., J. C. Houk,., E. Mugnaini. 1972. Synaptic transmission
at single glomeruli in the turtle cerebellum. Science. 178:881–883.
18. Rice, M. E., Y. C. Okada, and C. Nicholson. 1993. Anisotropic and het-
erogeneous diffusion in the turtle cerebellum: implications for volume
transmission. J. Neurophysiol. 70:2035–2044.
19. Xiao, F., C. Nicholson, ., S. Hrabetova. 2008. Diffusion of flexible
random-coil dextran polymers measured in anisotropic brain extracel-
lular space by integrative optical imaging. Biophys. J. 95:1382–1392.
20. Larsell, O. 1967. The Comparative Anatomy and Histology of the
Cerebellum fromMyxinoids through Birds. J. Jansen, editor University
of Minnesota Press, Minneapolis, MN.
21. Prokopova´-Kubinova´, S., L. Vargova´,., C. Nicholson. 2001. Poly[n-
(2-hydroxypropyl)methacrylamide] polymers diffuse in brain extracel-
lular space with same tortuosity as small molecules. Biophys. J.
80:542–548.
22. Nicholson, C., P. Kamali-Zare, and L. Tao. 2011. Brain extracellular
space as a diffusion barrier. Comput. Vis. Sci. 14:309–325.
23. Xiao, F., and S. Hrabetova. 2009. Enlarged extracellular space of aqua-
porin-4-deficient mice does not enhance diffusion of Alexa Fluor 488
or dextran polymers. Neuroscience. 161:39–45.
24. Santamaria, F., S. Wils, ., G. J. Augustine. 2006. Anomalous diffu-
sion in Purkinje cell dendrites caused by spines. Neuron. 52:635–648.
25. Nicholson, C., and J. M. Phillips. 1981. Ion diffusion modified by tor-
tuosity and volume fraction in the extracellular microenvironment of
the rat cerebellum. J. Physiol. 321:225–257.
26. Stiles, J. R., D. van Helden,., M. M. Salpeter. 1996. Miniature end-
plate current rise times less than 100 microseconds from improved dual
recordings can be modeled with passive acetylcholine diffusion from a
synaptic vesicle. Proc. Natl. Acad. Sci. USA. 93:5747–5752.
27. Kerr, R. A., T. M. Bartol, ., J. R. Stiles. 2008. Fast Monte Carlo
methods for biological reaction-diffusion systems in solution and on
surfaces. SIAM J. Sci. Comput. 30:3126–3149.
28. Stiles, J. R., and T. M. Bartol. 2001. Monte Carlo methods for simu-
lating realistic synaptic microphysiology using MCell. In Computa-
tional Neuroscience: Realistic Modeling for Experimentalists. E. De
Schutter, editor. CRC Press, Boca Raton, FL, pp. 87–127.
29. Lacks, D. J. 2008. Tortuosity and anomalous diffusion in the neuromus-
cular junction. Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 77:041912.
30. Saghyan, A., D. P. Lewis, ., S. Hrabetova. 2012. Extracellular
diffusion in laminar brain structures exemplified by hippocampus.
J. Neurosci. Methods. 205:110–118.
31. Saftenku, E. E. 2005. Modeling of slow glutamate diffusion and AMPA
receptor activation in the cerebellar glomerulus. J. Theor. Biol. 234:
363–382.
32. Nicolau, Jr., D. V., J. F. Hancock, and K. Burrage. 2007. Sources of
anomalous diffusion on cell membranes: a Monte Carlo study.
Biophys. J. 92:1975–1987.
33. Saxton, M. J. 1996. Anomalous diffusion due to binding: a Monte Carlo
study. Biophys. J. 70:1250–1262.
34. Ott, A., J. P. Bouchaud,., W. Urbach. 1990. Anomalous diffusion in
‘‘living polymers’’: a genuine Levy flight? Phys. Rev. Lett. 65:2201–
2204.
35. Santamaria, F., S. Wils, ., G. J. Augustine. 2011. The diffusional
properties of dendrites depend on the density of dendritic spines.
Eur. J. Neurosci. 34:561–568.
36. Thorne, R. G., and C. Nicholson. 2006. In vivo diffusion analysis with
quantum dots and dextrans predicts the width of brain extracellular
space. Proc. Natl. Acad. Sci. USA. 103:5567–5572.
37. Arranz, A. M., K. L. Perkins, ., Y. Yamaguchi. 2014. Hyaluronan
deficiency due to Has3 knock-out causes altered neuronal activity
and seizures via reduction in brain extracellular space. J. Neurosci.
34:6164–6176.
38. Rusakov, D. A., and D. M. Kullmann. 1998. A tortuous and viscous
route to understanding diffusion in the brain. Trends Neurosci.
21:469–470.
Anomalous Extracellular Diffusion 239539. Hrabetova, S., and C. Nicholson. 2000. Dextran decreases extracellular
tortuosity in thick-slice ischemia model. J. Cereb. Blood Flow Metab.
20:1306–1310.
40. Hrabetova, S. 2005. Extracellular diffusion is fast and isotropic in the
stratum radiatum of hippocampal CA1 region in rat brain slices. Hip-
pocampus. 15:441–450.
41. Mapelli, L., S. Solinas, and E. D’Angelo. 2014. Integration and regula-
tion of glomerular inhibition in the cerebellar granular layer circuit.
Front. Cell. Neurosci. 8:55.
42. Rossi, D. J., M. Hamann, and D. Attwell. 2003. Multiple modes of
GABAergic inhibition of rat cerebellar granule cells. J. Physiol.
548:97–110.43. Duguid, I., T. Branco,., M. Ha¨usser. 2012. Tonic inhibition enhances
fidelity of sensory information transmission in the cerebellar cortex.
J. Neurosci. 32:11132–11143.
44. Brickley, S. G., S. G. Cull-Candy, and M. Farrant. 1996. Development
of a tonic form of synaptic inhibition in rat cerebellar granule cells re-
sulting from persistent activation of GABAA receptors. J. Physiol.
497:753–759.
45. Santhakumar, V., H. J. Hanchar,., T. S. Otis. 2006. Contributions of
the GABAA receptor a6 subunit to phasic and tonic inhibition revealed
by a naturally occurring polymorphism in the a6 gene. J. Neurosci.
26:3357–3364.Biophysical Journal 108(9) 2384–2395
